Abstract.-Some Important aspects of the atomic structure of grain boundaries in pure metals, in particular the structural model of general grain boundaries and the multiplicity of structures, are discussed first. An empirical scheme for the desciption of atomic interactions in alloys is then outlined. General, structure independent, properties of segregation are examined in the framework of this scheme. Results of the atomistic calculations of grain boundaries with a low as well as a gradually increasing concentration of impurities are then presented. The relationship between the boundary structure and the propensity to segregation together with the structural changes invoked by segregation, are discussed in the light of these calculations.
Introduction
Segregation of solutes and/or impurities to grain boundaries is a general phenomenon which occurs both in metallic and non-metallic materials an it may affect significantly various material properties. For example, increased concentration of alloying elements at grain boundaries leads to changes in grain boundary diffusivity [1] and it also influences the ability of boundaries to act as sources and sinks of vacancies [2] . This, in turn, affects, for example, the creep properties of materials, in particular the creep fracture [3] . Similarly, migration of grain boundaries is to a large extend controlled by their interaction with impurities [4] . The presence of impurities at grain boundaries also invokes local changes in the electronic structure of the material and often leads tola significant decrease of cohesion at the interface. The former may have a pronounced effect, for example, on the electronic properties of semiconductors and the latter increases the susceptibility to intergranular fracture [5] [6] [7] ,
The thermodynamical, phenomenological d e s c r i p t i o n of segregation has been developed by a number of a u t h o r s (e.g. [8-101). I n t h i s context t h e propensity f o r segregation has u s u a l l y been i n t e r p r e t e d i n terms of general physical and chemical c h a r a c t e r i s t i c s of t h e a l l o y s and t h e i r components such a s d i f f e r e n c e s i n atomic r a d i i and e l e c t r o n e g a t i v i t i e s o r s o l i d s o l u b i l i t y . However, t h e d i s c r e t e a t o m i s t i c
s t r u c t u r e of g r a i n boundaries has not been considered i n these developments. On t h e o t h e r hand, t h e r e is a n ample experimental evidence that t h e s t r u c t u r e of g r a i n boundaries p l a y s a r o l e i n t h e segregation process. The segregation has been observed t o be a n i s o t r o p i c and s e l e c t i v e [ll-141 a s w e l l a s dependent upon t h e m i s o r i e n t a t i o n of t h e g r a i n s [151 and o r i e n t a t i o n of t h e boundary p l a n e [161. The promotion of f a c e t i n g by segregation 117-191 and t h e observed changes i n t h e number of low energy boundaries detected i n the s i n t e r i n g of spheres experiments I201 sugg e s t t h a t s e g r e g a t i o n induces s i g n i f i c a n t changes i n t h e g r a i n boundary s t r u c t u r e . A d e t a i l e d review of these phenomena can be found i n [21] .
Hence, a t o m i s t i c s t u d i e s of g r a i n boundaries w i t h segregated i m p u r i t i e s a r e needed t o incorporate t h e s t r u c t u r a l a s p e c t s i n t o t h e t h e o r e t i c a l d e s c r i p t i o n of segregation, The f i r s t aim of such s t u d i e s must be t o i n v e s t i g a t e t h e r o l e t h e l a r g e v a r i a b i l i t y of g r a i n boundary s t r u c t u r e s plays and t o a s s e s s t h e r e l a t i v e importance of t h e s t r u c t u r a l and chemical f a c t o r s f o r t h e propensity t o segregation. Understanding of p o s s i b l e s t r u c t u r a l changes i n t h e boundaries invoked by t h e segregation, t h e i r r e l a t i o n s h i p t o chemical changes and t h e i n f l u e n c e of both upon t h e g r a i n boundary phenomena i s another goal of t h e a t o m i s t i c s t u d i e s . U n t i l now only very l i m i t e d a t o m i s t i c s t u d i e s of g r a i n boundaries with impurit i e s have been performed, u s u a l l y f o r low concentrations of t h e segregant. A l l the c a l c u l a t i o n s which considered f u l l y t h e g r a i n boundary s t r u c t u r e and p o s s i b l e rel a x a t i o n s due t o t h e i m p u r i t i e s , have been made using e m p i r i c a l c e n t r a l f o r c e s t o d e s c r i b e t h e atomic i n t e r a c t i o n s .
On t h e o t h e r hand p o s s i b l e changes i n t h e cohess i o n invoked by t h e presence of i m p u r i t i e s have been discussed r e c e n t l y using t h e molecular o r b i t a l c l u s t e r methods [22, 23] and by d e s c r i b i n g t h e bonding using a n analogy with t h e t h e o r e t i c a l d e s c r i p t i o n of chemisorption [24, 25] .
I n both c a s e s i t has been concluded t h a t t h e e m b r i t t l i n g elements may cause a decrease i n bonding of neighbouring metal atoms owing t o t h e formation of covalent bonds between t h e i m p u r i t i e s and t h e h o s t atoms. However, s i n c e no f e a t u r e s of t h e atomic configurat i o n s s p e c i f i c t o t h e g r a i n boundaries have been included i n t o those s t u d i e s t h e s e conclusions a r e of general nature, independent on whether t h e impurity i s i n t h e boundary o r elsewhere.
The f i r s t a t o m i s t i c c a l c u l a t i o n s with f u l l r e l a x a t i o n which employed t h e cent r a l f o r c e s have been made by Weins and Weins 1261 and by Beeler and coworkers [27, 28] .
I n t h e former case Cu was s t u d i e s a s a s u b s t i t u t i o n a l impurity i n Au and a s i g n i f i c a n t anisotropy of segregation was found.
I n t h e l a t t e r case t h e i n v e s t ig a t i o n of carbon a s an i n t e r s t i t i a l impurity i n f.c.c. i r o n has been made and i t was found t h a t i n t h e v i c i n i t y of C atoms more c l o s e packed atomic c o n f i g u r a t i o n s have been formed. A s i m i l a r study has a l s o been made by Nichols [29] . More recent l y a n a t o m i s t i c study of g r a i n boundaries with i m p u r i t i e s was performed by Machlin and Levi [30] f o r a model f.c.c.
system employing t h e p o t e n t i a l s constructed i n r e f .
[31]. They concluded t h a t segregation was favoured when t h e atomic diameter of t h e s o l u t e was l a r g e r than t h a t of the h o s t and a l s o when t h e cohesive energy of t h e s o l u t e was smaller than t h a t of t h e host. A Monte-Carlo simulation of t h e equilibrium d i s t r i b u t i o n of i m p u r i t i e s i n t h e v i c i n i t y of two C = 5 g r a i n bounda r i e s has been performed i n r e f . [32] using a Morse p o t e n t i a l f o r t h e Cu-Bi system. A good agreement w i t h t h e McLean's isotherm [81 was found. The Morse p o t e n t i a l h a s a l s o been employed i n the r e c e n t study 1331 of t h e X = 5 boundary i n t h e b.c.c i r o n with phosphorus a s a n impurity.
I n t h i s study both t h e d i l u t e and high conc e n t r a t i o n s of P have been considered and i n the l a t t e r case a transformation of t h e boundary s t r u c t u r e was observed.
An e m p i r i c a l d e s c r i p t i o n of i n t e r a t o m i c f o r c e s i n a l l o y s has r e c e n t l y been developed i n r e f .
[34] with t h e aim t o use i t i n t h e a t o m i s t i c s t u d i e s of c r y s t a l d e f e c t s .
I n t h i s scheme t h e energy of t h e system i s expressed i n terms of p a i r p o t e n t i a l s and a d e n s i t y dependent term.
This d e s c r i p t i o n of i n t e r a t o m i c f o r c e s h a s then been employed i n a systematic study of boundaries containing low concent r a t i o n of i m p u r i t i e s f o r t h e systems Cu-Bi, Cu-Ag and Au-Ag [35] .
I n t h e p r e s e n t paper we f i r s t summarize t h e main a s p e c t s of t h e g r a i n boundary s t r u c t u r e which need t o be considered when s t u d y i n g segregation.
W e then o u t l i n e b r i e f l y t h e above mentioned e m p i r i c a l scheme of t h e d e s c r i p t i o n of i n t e r a t o m i c f o r c e s and d i s c u s s t h e g e n e r a l , s t r u c t u r e independent, p r o p e r t i e s of s e g r e g a t i o n which can be deduced i n t h e framework of t h i s scheme.
F i n a l l y , we d i s c u s s t h e a t o m i s t i c a s p e c t s of s e g r e g a t i o n , f i r s t f o r t h e c a s e of low c o n c e n t r a t i o n of t h e s o l u t e i n t h e bounda r y when no d i r e c t i n t e r a c t i o n s between i n d i v i d u a l s o l u t e atoms e x i s t , and t h e n f o r t h e g r a d u a l l y i n c r e a s i n g concentration.
T h i s we demonstrate on t h e example of t h e Cu-Bi system and t h e C = 5 (310) t i l t boundary.
Atomic S t r u c t u r e of Grain Boundaries
The m a j o r i t y of a t o m i s t i c c a l c u l a t i o n s have been c a r r i e d o u t f o r high coincidence, low Z , boundaries. T i l t boundaries have been analysed more f r e q u e n t l y t h a n t w i s t boundaries and no study of mixed t i l t and t w i s t boundaries has been made. I n g e n e r a l , i t has been found t h a t t h e boundary r e g i o n i s very narrow, of t h e o r d e r of one t o two l a t t i c e parameters and t h e atomic c o n f i g u r a t i o n s i n t h e boundaries may o f t e n be described a s compact polyhedra [36-381 which a r e analogous t o t h e polyhedra i d e n t i f i e d by Bernal [39] i n models of l i q u i d s but, i n general, they a r e n o t close-packed. An important r e l a x a t i o n a t t h e g r a i n boundaries i s t h e r e l a t i v e t r a n s l a t i o n of t h e g r a i n s away from t h e coincidence p o s i t i o n [38, 40, 411 s o t h a t t h e r e a r e t h e n no coincidence atoms a t t h e boundary.
However, t h e q u e s t i o n a r i s e s whether t h e s e r e s u l t s a r e s p e c i f i c f o r t h e low C boundaries o r e q u a l l y a p p l i c a b l e t o g e n e r a l boundaries and i f s o what i s t h e r e l a t i o n s h i p between t h e high c o i n c idence and g e n e r a l boundaries.
Any g e n e r a l boundary can be approximated a s c l o s e l y a s r e q u i r e d by a high C coincidence boundary.
When t h i s i s done t h e use of coincidence a l l o w s us t o des c r i b e t h e g e n e r a l boundary a s p e r i o d i c but i t has no o t h e r p h y s i c a l s i g n i f i c a n c e . Hence, s t r u c t u r e s of high C symmetrical and asymmetrical t i l t boundaries have been i n v e s t i g a t e d [42-441 i n o r d e r t o c l a r i f y t h e atomic s t r u c t u r e of g e n e r a l boundaries. The most important conclusion of t h e s e s t u d i e s i s t h a t f o r a given i n c l i n a t i o n of t h e boundary plane, a l l high C boundaries, i n a c e r t a i n m i s o r i e n t a t i o n range, can be d e s c r i b e d a s composed of two types of u n i t s . The dimensions of t h e s e u n i t s a r e such t h a t t h e boundaries t h a t d e l i m i t t h i s m i s o r i e n t a t i o n range may each be c o n s t r u c t e d a s a contiguous sequence of one type of t h e s e u n i t s .
Indeed, a c o n t i guous sequence o f , a t l e a s t one of t h e s e u n i t s , always corresponds t o a mechanically s t a b l e s t r u c t u r e of one of t h e d e l i m i t i n g boundaries. T h i s boundary i s c a l l e d favoured.
I f contiguous sequences of both types of u n i t s , which i s u s u a l l y t h e c a s e , l e a d t o s t a b l e s t r u c t u r e s then any g e n e r a l boundary, a l s o c a l l e d non-favoured, i n t h e m i s o r i e n t a t i o n range d e l i m i t e d by t h e two favoured boundaries, i s composed of a unique sequence of u n i t s of t h e s e two boundaries.
(When t h e t r a n s l a t i o n s t a t e s of t h e d e l i m i t i n g boundaries a r e n o t compatible u n i t s of i n t r i n s i c a l l y u n s t a b l e s t r u c t u r e may be introduced i n 4 5 ] , D. Schwartz, A. P. S u t t o n and V. Vitek, t o be publishe d ) and i t i s l i k e l y t o be e n t i r e l y g e n e r a l , a p p l i c a b l e a l s o t o mixed boundaries.
t o t h e non-favoured boundaries 1441). It has r e c e n t l y been shown t h a t t h i s d e s c r i p t i o n of high Z boundaries a p p l i e s a l s o t o t h e t w i s t boundaries ( [
Examples of two favoured boundaries, C = 5 (210) and C = 5 (310), c a l c u l a t e d u s i n g a p o t e n t i a l f o r Cu [341, a r e shown i n F i g s 1 and 2, r e s p e c t i v e l y .
An example of a non-favoured boundary i s shown i n Fig. 3 where t h e p e r i o d of t h e C = 73 (830) bounda r y i s seen t o be composed of t h e two u n i t s of t h e (310) boundary and of t h e one u n i t of t h e (210) boundary.
I n t h e a t o m i s t i c s t u d i e s of g r a i n boundaries it has been f r e q u e n t l y found t h a t more t h a n one s t a b l e s t r u c t u r e may e x i s t f o r a given g e o m e t r i c a l l y defined boundary [38] .
Some of t h e s e s t r u c t u r e s may be symmetry r e l a t e d [ 4 1 ] while o t h e r s a r e not and possess d i f f e r e n t energies.
Our r e c e n t s t u d i e s (Gui J i n Wang, A. P. Sutton and V. Vitek, t o be ~u b l i s h e d ) have shown t h a t t h e m u l t i p l i c i t y of g r a i n boundary s t r u c t u r e s i s a very g e n e r a l phenomenon and i n t h e c a s e of g e n e r a l boundaries a very l a r g e number of d i f f e r e n t s t r u c t u r e s which p o s s e s s very s i m i l a r e n e r g i e s , may e x i s t f o r any g e o m e t r i c a l l y w e l l defined boundary.
The reason i s t h a t s e v e r a l d i f -
[001] symmetr i c a l t i l t boundary i n Cu ( s t r u c t u r e B).
+ and A r e p r e s e n t here and i n a l l t h e following p i c t u r e s , atoms i n d i f f e r e n t (002) planes. Two u n i t s of t h e boundary a r e marked by f u l l l i n e s . ferent structures of favoured boundaries may occur which can then all play the role of structural units in the general boundaries. For example, if the two favoured boundaries, delimiting a certain misorientation range, occur in i and j different configurations, respectively, a non-favoured boundary composed of n units of the first and m units of the second boundary may exist in in.jm different configurations; not all these configurations are of course, necessarily stable or of low energy. This large multiplicity of grain boundary structure may be instrumental in explanation of the ease of diffusion, ability of boundaries to act as sinks and sources for vacances etc. (Gui Jin Wang, A. P. Sutton and V. Vitek, to be published). As a n example another c o n f i g u r a t i o n of t h e favoured C = 5 (210) boundary i s shown i n Fig. 4 Fig. 1 i s 1.04.
. The r a t i o of t h e energy of t h i s s t r u c t u r e t o t h a t shown i n
Consider now, f o r example, x = 17 (530) boundary which i s composed of two u n i t s of t h e (210) boundary and one u n i t of t h e i d e a l c r y s t a l (X = 1 (110)). Using t h e two a v a i l a b l e (210) s t r u c t u r e s t h i s boundary may e x i s t i n f o u r modificat i o n s .
I f we mark u n i t s of t h e i d e a l c r y s t a l A and u n i t s of t h e boundaries shown i n Figs. 1 and 4 B and B', r e s p e c t i v e l y , t h e s e a r e ABB, AB'B', ABB' and AB'B.
The f i r s t t h r e e of t h e s e c o n f i g u r a t i o n s have, indeed, been found t o be s t a b l e and of low energy. They a r e shown i n Fig. 5 and t h e r a t i o s of t h e i r e n e r g i e s a r e 1.07:1.09 :1.0.
T h i s model of t h e g r a i n boundary s t r u c t u r e suggests t h a t p r o p e r t i e s of low C , s h o r t period, boundaries may be e x t r a p o l a t e d w i t h good confidence t o high X bounda r i e s and t h u s t o t h e boundaries of g e n e r a l type. It a l s o i m p l i e s t h a t t h e properties c o n t r o l l e d by t h e core of t h e boundaries, e.g. propensity t o segregation, although not t h e same f o r a l l boundaries, need not show any extreme behaviour a t favoured boundaries.
However, a discontinuous change i n t h e d e r i v a t i v e of t h e s e p r o p e r t i e s w i t h r e s p e c t t o m i s o r i e n t a t i o n may occur a t a favoured boundary s i n c e d i f f e r e n t s t r u c t u r a l elements a r e introduced a t higher and lower m i s o r i e n t a t i o n s than t h e favoured boundary m i s o r i e n t a t i o n 1441. It i s p o s s i b l e , however, t h a t some of t h e favoured boundaries, such a s C = 3 ( 1 1 1 ) twin, possess p a r t i c u l a r l y "ordered" s t r u c t u r e s and t h u s p a r t i c u l a r l y low energy, propensity t o s e g r e g a t i o n e t c .
These boundaries could then be termed s p e c i a l . The m u l t i p l i c i t y of g r a i n boundary s t r u c t u r e s suggest t h a t a p o s s i b l e e f f e c t of s e g r e g a t i o n may be occurance of transformations between d i f f e r e n t s t r u c t u r e and/or enhancement of t h e occurance of one o r s e v e r a l of t h e l a r g e number of s t r u c t u r e s a v a i l a b l e i n t h e case of gene r a l boundaries.
These phenomena can, however, be only a s s e s s e d when c a r r y i n g a t o m i s t i c s t u d i e s of boundaries with i m p u r i t i e s .
3.
D e s c r i p t i o n of i n t e r a t o m i c f o r c e s and g e n e r a l a s p e c t of segregation.
I n t h e e m p i r i c a l d e s c r i p t i o n of i n t e r a t o m i c f o r c e s which has been developed i n r e f . [ 3 4 ] , t h e energy per atom i, E i , i n a binary a l l o y Al-xBx i s where N i s t h e t o t a l number of atoms and o i j is, depending on t h e s p e c i e s of atoms i and j, e i t h e r oAA, ipBB o r oAB which a r e t h e t h r e e p o t e n t i a l s desc r i b i n g A-A, B-B and A-B i n t e r a c t i o n s , r e s p e c t i v e l y .
Uv i s t h e d e n s i t y dependent p a r t of t h e energy which i s a f u n c t i o n of t h e average volume per atom and i t h a s been taken a s
U" = (I-X)% + xu;
where U : and U ; a r e t h e corresponding d e n s i t y dependent p a r t s of t h e energy f o r t h e pure elements A and B.
Ug ( u = A,B) i s f u r t h e r w r i t t e n i n t h e form of a n expansion:
where vau0 i s t h e atomic volume of t h e pure element a i n equilibrium.
The p o t e n t i a l s w i j were represented by t h i r d o r d e r polynominals together w i t h a r e p u l s i v e term p r o p o r t i o n a l t o r-4. For pure metals t h e parameters i n t h e p o t e n t i a l s and volume dependent terms were chosen such a s t o f i t t h e cohesive energy and e l a s t i c c o n s t a n t s of t h e m a t e r i a l (note t h a t Cauchy r e l a t i o n s a r e n o t s a t i sf i e d i n t h i s c a s e ) and t o s a t i s f y t h e c o n d i t i o n s of mechanical s t a b i l i t y f o r a giv-
e n s t r u c t u r e and l a t t i c e parameter; resonable values of t h e s t a c k i n g f a u l t energy have a l s o been r e q u i r e d i n t h e c a s e of f.c.c. and hexagonal c r y s t a l s . For a l l o y s t h e p o s s i b l e charge t r a n s f e r was f i r s t taken i n t o account following t h e procedure suggested by Machlin [31], by i n t r o d u c i n g r e f e r e n c e s t r u c t u r e s of A and B elements with modified l a t t i c e parameters and a d j u s t i n g t h e r e p u l s i v e p a r t s of A-A and B-B p o t e n t i a l s . The A-B p o t e n t i a l was then determined by r e q u i r i n g t h a t t h e l a t t i c e of t h e random s u b s t i t u t i o n a l a l l o y be mechanically s t a b l e f o r t h e l a t t i c e parameter determined using a modified Vegard's law and by f i t t i n g s e l f -c o n s i s t e n t l y t h e enthalpy of mixing. The l a t t e r means t h a t f o r low c o n c e n t r a t i o n s (X 6 0.05) t h e enthalpy of mixing was f i t t e d when t a k i n g f u l l y i n t o account t h e r e l a x a t i o n of atoms A i n t h e v i c i n i t y of a s u b s t i t u t i o n a l atom B. The e f f e c t s of t h i s r e l a x a t i o n were then e x t r a p o l a t e d t o higher c o n c e n t r a t i o n s but f u l l r e l a x a t i o n c a l c u l a t i o n s had not been made f o r higher v a l u e s of X. These procedures, t o g e t h e r w i t h t h e d i scussion of t h e v a l i d i t y of t h e corresponding p o t e n t i a l s , have been d i s c r i b e d i n d e t a i l i n r e f . [34]. When studying g r a i n boundaries we always assume t h a t t h e i r s t r u c t u r e i s per i o d i c . I n t h e case of boundaries w i t h i m p u r i t i e s t h e corresponding r e p e a t c e l l may be a m u l t i p l e of t h e r e p e a t c e l l of t h e pure boundary, depending on t h e conc e n t r
a t i o n of t h e s o l u t e i n t h e boundary.
Let u s assume t h a t t h e r e a r e N = NA+NB atoms i n t h e r e p e a t c e l l of a boundary, where NA i s t h e number of s o l v e n t atoms and N B t h e number of s o l u t e atoms. Assuming t h a NA>>NB t h e energy per u n i t a r e a of t h i s boundary, measured with r e s p e c t t o t h e i d e a l c r y s t a l of t h e s o l v e n t , i s where Sp i s t h e a r e a of t h e r e p e a t c e l l i n t h e boundary plane, AV i s t h e t o t a l volume change per one r e p e a t c e l l of t h e boundary f o r t h i s concentration of t h e s o l u t e , 2 i s t h e atomic volume of t h e s o l u t e k i n t h e boundary (evaluated a s descri%;d i n [ 3 5 ] ) and E : i s t h e cohesive energy per atom of t h e solvent. Summation over i extends over a l l atoms i n t h e c e l l and summation over j extends over a l l atoms i n t e r a c t i n g with atom i. When another s o l v n t a om i s replaced by t h e s o l u t e atom t h e energy of t h e boundary changes t o ~;A-'*NB+' #ven by equation ( 4 ) i n which MA i s r e p l a c e by NA-1, NB by NB+l and LiV B by nvNB+';
n o t e t h a t t h e c o n t r i b u t i o n s of t h e p a i r p o t e n t i a l terms a r e a l s o d i f f e r e n t i n t h e two cases. The change of t h e boundary energy per one s o l u t e atom i s then and t h e enthalpy of mixing corresponding t o p l a c i n g t h e s o l u t e i n t o t h e boundary which o r i g i n a l l y contained NB s o l u t e atoms i n t h e u n i t c e l l , i s C6-154 where JOURNAL DE PHYSIQUE i s t h e d i f f e r e n c e between t h e cohesive e n e r g i e s of t h e s o l v e n t and t h e s o l u t e .
The energy of segregation, E~B , corresponds t o t h e change of t h e energy of t h e system when a solvent atom i n t h e boundary containing already NB s o l u t e atoms i n the u n i t c e l l , i s replaced by a s o l u t e which w a s o r i g i n a l l y i n t h e bulk.
It i s where L\ H: i s t h e enthalpy of mixing per one s o l u t e atom i n t h e i d e a l l a t t i c e of t h e solvent. The condition f o r segregation, E:B<O, may then be w r i t t e n a s AH: and A E~~ a r e both constants f o r a given a l l o y system. Hence, t h e upper l i m i t of t h e change of t h e g r a i n boundary energy a s s o c i a t e d w i t h i n t r o d u c t i o n of a s o l u t e t o t h e boundary, f o r which segregation i s favoured, is independent of t h e g r a i n boundary s t r u c t u r e . For t h e systems considered i n 1351 and i n t h e next sect i o n t h e r i g h t s i d e of t h e i n e q u a l i t y (9) i s always p o s i t i v e ( f o r
Cu-Bi system i t i s 1.799eV) and t h u s segregation may be favourable even though t h e boundary energy increases.
I n c o n t r a s t w i t h t h e r i g h t s i d e of (9), n y b N~ i s s t r o n g l y dependent on t h e atomic environment of t h e boundary s i t e considered (see next s e c t i o n ) and f o r a given a l l o y system i t can l i e w i t h i n a broad band of values. I n a p o l y c r y s t a l t h e number of boundaries i s very l a r g e and t h e d i s t r i b u t i o n of misorientations i s random. Hence many p o s s i b l e s i t e s e x i s t and i t i s t h e r e f o r e l i k e l y t h a t t h e inequalit y (9) can always be s a t i s f i e d , a t l e a s t i n i t i a l l y , a t some boundary s i t e s . Thus a t l e a s t a l i m i t e d segregation i s l i k e l y t o occur i n any a l l o y system. As discussed i n more d e t a i l i n [35], t h e p r o b a l i t y t h a t segregation occurs when a l a r g e numbe r of d i f f e r e n t segregation s i t e s a r e a v a i l a b l e , i s t h e higher t h e l a r g e r i s t h e allowed change i n t h e boundary energy, i.e. t h e l a r g e r i s AH: -AEbB. This suggests f i r s t t h a t t h e prepensity f o r segregation should i n c r e a s e a s A H : i nc r e a s e s i.e. a s t h e s o l u b i l i t y decreases. This i s g e n e r a l l y i n good agreement w i t h t h e experimental observations 19,461. Secondly, t h e propensity f o r segregat i o n should i n c r e a s e a s A E~~ decreases, i.e. t h e lower i s t h e cohesive energy o f t h e s o l u t e and t h e higher i s t h e cohesive energy of t h e solvent. This has a l s o been found i n c a l c u l a t i o n s of Machlin and Levi [30].

It should be emphasized t h a t t h e above dependence of t h e propensity t o segr e g a t i o n on AH: and aEtB a p p l i e s only i n average and cannot be a p p l i e d t o any s p e c i f i c segregation s i t e where t h e e f f e c t of t h e l o c a l environment can overr i d e t h e s e g e n e r a l trends.
These a s p e c t s of segregation a s w e l l a s any changes i n g r a i n boundaries invoked by segregation can only be i n v e s t i g a t e d using a t o m i s t i c models of g r a i n boundaries.
Atomistic s t u d i e s of g r a i n boundaries with i m p u r i t i e s
Atomistic c a l c u l a t i o n s of t h e C = 5 (2101, s t r u c t u r e B (Fig. 1 ) and a s i m p u r i t i e s , have been made i n r e f . [35] f o r low concentrations of t h e s o l u t e s i n t h e boundaries.
Recently, s i m i l a r c a l c u l a t i o n s have a l s o been made f o r c = 5 (210) s t r u c t u r e B', f o r t h e o t h e r two z = 17 (530) s t r u c t u r e s (AB'B' and ABB') and f o r
t h e c = 5 (310) boundary shown i n Fig. 2 (Gui J i n Wang and V. Vitek, t o be published). I n a l l t h e s e c a l c u l a t i o n s s o l u t e s were introduced i n t o t h e g r a i n boundaries p e r i o d i c a l l y i n r e c t a n g u l a r l a t t i c e s w i t h s i d e s p a r a l l e l and perpendicular t o t h e t i l t a x i s . (One monolayer would correspond t o t h e close-packed l a y e r of s o l u t e s assuming t h e l a t t i c e parameter of t h e solvent). For t h e s e concentrations t h e spacing of t h e s o l u t e s was always s u f f i c i e n t l y l a r g e t h a t no impurity i n t e r a c t e d w i t h another d i r e c t l y . I m p u r i t i e s were introduced successively t o a number of s u b s t i t u t i o n a l , non-equivalent s i t e s , such a s s i t e s A-F marked i n Fig. 2 . The f u l l r e l a x a t i o n c a l c u l a t i o n which allows f o r t h e r e l a t i v e displacements of t h e g r a i n s , l o c a l readjustment of atom p o s i t i o n s and a l s o f o r an expansion perpendicul a r t o the boundary, was c a r r i e d out i n each case employing t h e c a l c u l a t i o n method described i n d e t a i l i n r e f . [35] .
Since t h e s o l u t e s have been introduced p e r i o d ic a l l y i n t o t h e boundaries no o v e s a l l e x t e n s i o n p a r a l l e l t o t h e boundary plane can t a k e place.
This r e p r e s e n t s a c o n s t r a i n t imposed on t h e r e l a x a t i o n but i f a n e t a r e a change were allowed p a r a l l e l t o t h e boundary i t would accumulate i n t o a f i n i t e s t r a i n which would produce long range s t r a i n f i e l d s i n t h e a d j o i n i n g grains. This s t r a i n could be r e l i e v e d , of course, by t h e formation of a network of g r a i n boundary d i s l o c a t i o n s which indeed occurs i n t h e t r a n s i t i o n from coherent t o semicoherent i n t e r f a c e s . However, i n our case,
owing t o t h e low concentrations of i m p u r i t i e s , we a r e f a r removed from t h i s s i t u a t i o n and t h e above mentioned long range f i e l d would only l e a d t o a s u b s t a n t i a l energy increase. This w i l l not occur, however, i f t h e p e r i o d i c i t y i s maintained and an o v e r a l l volume change occurs only by a n expansion o r c o n t r a c t i o n normal t o t h e boundary.
At low concentrations the main c h a r a c t e r i s t i c s of t h e propensity t o segregat i o n a s w e l l a s t h e e f f e c t of t h e s o l u t e s upon t h e g r a i n boundary s t r u c t u r e was found t o be s i m i l a r i n a l l boundaries studied. The most s i g n i f i c a n t s t r u c t u r a l e ff e c t on t h e propensity t o segregation i s t h e anisotropy of segregation s i t e s t h a t i s manifested by t h e very s i g n i f i c a n t v a r i a t i o n i n segregation e n e r g i e s from one atomic s i t e t o another. T h i s i s p a r t i c u l a r l y pronounced i n t h e Cu-Bi system. An example i s shown i n Table 1 
where Es i s l i s t e d f o r t h e case of B i a t d i f f e r e n t s i t e s i n the c = 5 (310) boundary i n Cu. (Note t h a t t h e s i t e s D and C a r e not equiv a l e n t because of t h e l a c k of mirror symmetry a c r o s s t h e boundary plane which is caused by t h e r e l a t i v e displacement of t h e top g r a i n with r e s p e c t t o t h e bottom
Fig. 6 shows t h e h y d r o s t a t i c s t r e s s f i e l d of t h i s boundary and comparison with t h e Table 1 shows t h a t t h e segregation energy i s p o s i t i v e f o r t h e s i t e s a s s o c i a t e d w i t h compression and negative f o r t h e s e s i t e s which a r e a s s o c i a t e d w i t h tension. This suggests t h a t i t i s t h e s i z e e f f e c t t h a t governs t h e propensity f o r segregation of B i t o g r a i n boundaries i n
Cu. An analogous behaviour has been observed i n t h e case of Ag a s an impurity i n Cu [35] . I n t h i s case p o s i t i v e segregation energies were found f o r a l l t h e s i t e s s t u d i e d but they were lower f o r t h e t e n s i l e s i t e s . HOW ever, favoured segregation was found f o r t h e . Z = 17 (530) boundary with AB'B' s t r u c t u r e a s w e l l a s f o r t h e C = 5 (310) boundary (Gui J i n Wang and V. Vitek, t o be published). I n t h e case of Ag a s a n impurity i n Au no s i g n i f i c a n t d i f f e r e n c e s i n t h e segregation energy e x i s t between t e n s i l e and compressive s i t e s (Ag and Au atoms possess almost t h e same atomic volumes) and segregation was found t o be favoured f o r a l l t h e s i t e s s t u d i e d [35] .
The d e t a i l e d a n a l y s i s of t h e relaxed s t r u c t u r e s i n d i c a t e s t h a t although no d r a s t i c changes i n t h e boundary s t r u c t u r e occur, s i g n i f i c a n t l o c a l r e l a x a t i o n a lways t a k e s p l a c e around s o l u t e atoms. These r e l a x a t i o n s d i f f e r f o r each case and they cannot be r e l a t e d only t o t h e types of s o l u t e s and s o l v e n t s but depend on t h e l o c a l s t r u c t u r e of t h e boundary. They u l t i m a t e l y decide whether t h e segregation i ---
No s u b s t a n t i a l d i f f e r e n c e s i n both t h e propensity t o segregation and t h e concommitant changes i n t h e boundary s t r u c t u r e were found between t h e (210) and (310) favoured boundaries and t h e non-favoured (530) boundary.
Furthermore, s i m i l a r i t i e s between t h e behaviour of t h e s i t e s i n t h e (210) boundary and t h e corresponding s i t e s i n t h e (210) u n i t s of t h e (530) boundary were observed.
Thus no unusual f e at u r e s of t h e segregation have been observed f o r t h e favoured boundaries (210) and (310) when compared with t h e non-favoured (530) boundaries which i s i n agreement w i t h t h e g e n e r a l d i s c u s s i o n i n s e c t i o n 2. On t h e o t h e r hand t h e energy of each of t h e t h r e e d i f f e r e n t s t r u c t u r e s of t h e C = 1 7 (530) boundary changes d i f f e r e n t l y w i t h segregation.
For example f o r t h e case of Cu when Bi i s placed t o t h e most favourable s i t e s i n each of these s t r u c t u r e s t h e r a t i o s of t h e i r e n e r g i e s i n t h e o r d e r ABB:AB'B1:AB'B a r e 1.18:1.06:1.0.
Comparing w i t h t h e r a t i o s given i n s e c t i o n 2 f o r t h e pure boundaries i t i s seen t h a t t h e energy of t h e ABB s t r u c t u r e i n c r e a s e s s u b s t a n t i a l l y while t h e e n e r g i e s of t h e AB'B' one ABB' s t r u c t u r e s move c l o s e r together.
Hence, segregation may e l i m i n a t e some of t h e p o s s i b l e s t r u c t u r e s of g e n e r a l boundaries while making o t h e r s more equivalent.
I n order t o study t h e dependence of t h e propensity t o segregation upon t h e s o l u t e concentration and solute-solute i n t e r a c t i o n a s w e l l a s t o i n v e s t i g a t e p o s s i b l e s t r u c t u r a l changes a s s o c i a t e d with i n c r e a s i n g concentration of t h e s o l u t e a t boundaries, a t o m i s t i c s t u d i e s of g r a i n boundaries w i t h much higher content of i m p u r i t i e s need t o be c a r r i e d out. These s t u d i e s a r e p r e s e n t l y i n progress and h e r e we r e p o r t only some preliminary r e s u l t s of t h e c a l c u l a t i o n s of t h e C = 5 (310) boundary i n Cu with gradually i n c r e a s i n g amount of segregated B i .
As i n t h e calc u l a t i o n s f o r low concentrations of i m p u r i t i e s t h e ~e r i o d i c i t y of t h e s t r u c t u r e i s assumed throughout and t h e r e p e a t c e l l i s always [130] x [002] . Assuming t h a t t h e f i r s t Bi atom segregated i n t o t h e B s i t e ( l a r g e negative segregation energy) t h e second B i atom was put successively i n t o a number of s i t e s l i s t e d i n Table 2 (see a l s o Fig. 2 ) where t h e corresponding segregation e n e r g i e s a r e a l s o given. It i s seen t h a t t h e presence of t h e Bi atom a t t h e B s i t e a f f e c t s only s l i g h t l y t h e s e g r e g a t i o n e n e r g i e s f o r t h e s i t e s B1, E, E l , F and F1 (Bl, E l , F1 a r e e q u i v a l e n t t o B, E, F, r e s p e c t i v e l y i n t h e pure case). On t h e o t h e r hand C1 s i t e now becomes favourable f o r s e g r e g a t i o n while t h e s e g r e g a t i o n energy f o r t h e s i t e C (and C1) i s p o s i t i v e when no o t h e r atom i s p r e s e n t i n t h e u n i t c e l l ( s e e Table 1 ). T h i s i s obviously a consequence of t h e Bi-Bi i n t e r a c t i o n which i s s t i l l n e g l i g i b l e when Bi i s a t t h e s i t e s B and, f o r example, a t E l but becomes important and s t r o n g l y a t t r a c t i v e when i t i s a t t h e s i t e B and C1. When two Bi atoms a r e p r e s e n t i n t h e u n i t cell of t h e boundary t h e r e l a x a t i o n i s g e n e r a l l y more e x t e n s i v e and t h e r e l at i v e displacement of t h e two g r a i n s away from t h e coincidence p o s i t i o n i n c r e a s e s .
When two s i t e s w i t h t h e lowest s e g r e g a t i o n e n e r g i e s , e.g. B and B1 or B and E l a r e occupied by Bi atoms t h e n t h e t h i r d Bi atom can be most favourably p l a c e d i n t o t h e s i t e s El o r B l , r e s p e c t i v e l y , s i n c e they correspond t o t h e lowest segreg a t i o n e n e r g i e s i n t h i s case. The f o u r t h Bi atom i s then most favourably placed i n t o t h e s i t e E but o t h e r s i t e s become a l s o a v a i l a b l e , f o r i n s t a n c e s i t e A possess e s now a n e g a t i v e s e g r e g a t i o n energy, although it was unfavourable f o r s e g r e g a t i o n o r i g i n a l l y .
Thus t h e number of s i t e s favourable f o r s e g r e g a t i o n i n c r e a s e s w i t h e n c r e a s i n g c o n c e n t r a t i o n of Bi. The s t r u c t u r e of t h e 2 = 5 (310) boundary containi n g Bi atoms a t t h e s i t e s B, B1, E and E l i s shown i n Fig. 7 . C l e a r l y t h e s t r u ct u r e h a s now changed s i g n i f i c a n t l y when compared w i t h t h a t of t h e pure boundary. The most pronounced i s t h e i n c r e a s e of t h e r e l a t i v e displacement of t h e upper g r a i n w i t h r e s p e c t t o t h e lower g r a i n away from t h e coincidence p o s i t i o n ; t h i s displacement i s now 0.08 [130] . The c o n f i g u r a t i o n formed when Cu atoms were success i v e l y replaced by Bi atoms a t those sites which possessed t h e lowest s e g r e g a t i o n energy, appears t o be a two-dimensional ordered s t r u c t u r e i n which every Bi atom i s surrounded by Cu atoms and v i c e versa. T h i s is, of course, enabled by t h e p e r i o d i c i t y of t h e g r a i n boundary s t r u c t u r e . The b a s i c f e a t u r e s of t h i s ordered s t r u c t u r e , such a s t h e average s e p a r a t i o n of Bi atoms, appear t o be determined by t h e Bi-Bi and Cu-Bi i n t e r a c t i o n s ; f o r example, i n t h e s t r u c t u r e shown i n F i g 7 t h e Bi-Bi s e p a r a t i o n s c l o s e l y coincide w i t h t h e d i s t a n c e a t which t h e Bi-Bi p o t e n t i a l h a s a minimum. On t h e o t h e r hand t h e d e t a i l s of t h i s ordered l a y e r a r e r e l a t e d t o t h e o r i g i n a l atomic s t r u c t u r e of t h e g r a i n boundary.
Hence, i f such ordered l a y e r s a r e formed a t d i f f e r e n t boundaries i t i s l i k e l y t h a t t h e average s e p a r a t i o n of s o l u t e s and s o l v e n t s i n them w i l l be s i m i l a r while d e t a i l s of t h e s e c o n f i g u r a t i o n s w i l l depend on t h e s t r u c t u r e of t h e given boundary.
It is, of course, p o s s i b l e t h a t f u r t h e r decrease of t h e energy of t h e system may be achieved by removing t h e solvent atoms from these s t r u c t u r e s without r e p l a c i n g them by s o l u t e which then l e a d s t o formation of a l a y e r of t h e p r e c i p i t a t e d s o l u t e a t t h e boundary.
5.
Conclusions
The atomic s t r u c t u r e of g e n e r a l boundaries can always be regarded a s composed of two types of u n i t s a t l e a s t one of which corresponds t o t h e u n i t c e l l of a s t a b l e , s h o r t period boundary which we c a l l favoured.
Hence, complete c o n t i n u i t y of segregation behaviour i s expected i n l a r g e ranges of misorientations. No extreme behaviour i s l i k e l y t o occur a t t h e majority of favoured boundaries but seve r a l s p e c i a l cases may e x i s t . I n general, r m l t i p l i c i t y of s t r u c t u r e s e x i s t s f o r a given geometrically defined boundary. This m u l t i p l i c i t y can be very extensive i n t h e case of g e n e r a l boundaries which may be important f o r t h e i r p h y s i c a l p r o p e r t i e s .
From t h e c a l c u l a t i o n of t h e segregation energy w i t h i n t h e proposed scheme of t h e d e s c r i p t i o n of atomic i n t e r a c t i o n s it follows t h a t segregation i s favoured when t h e g r a i n boundary energy ( p e r one s o l u t e atom) changes upon segregation by less t h a n A H : -A E~~. This suggests t h a t i n p o l y c r y s t a l s where t h e v a r i a b i l i t y of t h e types of boundaries i s l a r g e , t h e segregation propensity i s l i k e l y t o i n c r e a s e w i t h i n c r e a s i n g enthalpy of mixing and decreasing cohesive energy of t h e s o l u t e . T h i s r u l e cannot, however, be a p p l i e d t o i n d i v i d u a l segregation s i t e s . A t t h i s l e v e l t h e segregation i s very a n i s o t r o p i c and the only c r i t e r i o n f o r segregat i o n i s whether a favourable atomic environment f o r t h e impurity atom can be found. This implies t h a t no r u l e f o r segregation propensity t o any p a r t i c u l a r boundary s i t e can be e s t a b l i s h e d , t h a t i s based only on physical and chemical c h a r a c t e r i st i c s of t h e a l l o y and i t s components. Thus a l e v e l of segregation i s l i k e l y t o occur i n any binary system and t h e question is then whether the concentration of t h e s o l u t e w i l l grow on these boundaries where segregation was i n i t i a t e d . This appears t o be mainly c o n t r o l l e d by t h e type of t h e solute-solute and solute-solvent i n t e ra c t i o n s and, t h e r e f o r e , t h e physical and chemical p r o p e r t i e s of t h e s o l u t e s and solvent may govern t h i s p a r t of the s e g r e g a t i o n process.
Since t h e g r a i n bounda r i e s a r e , a t l e a s t l o c a l l y , always p e r i o d i c two dimensional ordered phases may form a t t h e g r a i n boundaries a s t h e concentration of t h e segregant increases. The average p r o p e r t i e s of t h e s e phases w i l l be governed by t h e atomic i n t e r a c t i o n s but t h e d e t a i l s w i l l depend on t h e o r i g i n a l atomic s t r u c t u r e of each boundary. A t t h e same time s i g n i f i c a n t changes i n t h e g r a i n boundary s t r u c t u r e occur. For example, r e l a t i v e displacements of t h e g r a i n s both p a r a l l e l and perpendicular t o t h e bounda r y a r e a l t e r e d ; t h e l a t t e r corresponds t o t h e expansion o r c o n t r a c t i o n a t t h e boundary.
Since t h e s e displacements can, i n some cases, be d e t e c t e d experimentally using t h e transmission e l e c t r o n microscopy [41, 47] , t h e i r measurements could provide a technique f o r experimental i n v e s t i g a t i o n of t h e a t o m i s t i c e f f e c t s of segregation.
I n t h e case of g e n e r a l boundaries segregation a l s o a f f e c t s t h e m u l t i p l ic i t y of s t r u c t u r e s which may then be r e f l e c t e d i n v a r i o u s physical p r o p e r t i e s of t h e boundaries.
D I S C U S S I O N
C.L. BRUNT :
I assume based on your introduction t h a t you do not f e e l chemistry plays a r o l e i n determining t h e s t r u c t u r e and energy of a segregated g r a i n boundary? Could you comment i n t h i s point?
V. VITEK :
Chemistry c e r t a i n l y plays a r o l e and i f we wish t o compare behaviour of s p e c i f i c a l l o y s and o t h e r s , f o r example, t h e c o r r e c t numerical values of t h e segregation energy, chemistry, i . e . elect r o n theory of bonding, has t o be employed. However, the purpose of our study i s t o i n v e s t i g a t e various p o s s i b i l i t i e s of t h e e f f e c t s of s t r u c t u r e upon segregation and t h i s , I believe, can be modelled using a simpler and r a t h e r f l e x i b l e approach which ernploys p a i r i n t e r a c t i o n s .
J.D. BUDAI :
Have you extended t h e concept of favoured and non-favoured bound a r i e s t o include a v a r i a t i o n of g r a i n boundary parameters other than j u s t the misorientation angle?
V. VITEK : Variation of t h e o r i e n t a t i o n of t h e boundary plane has been taken i n t o account by combining t h e s t r u c t u r a l u n i t model with Wulf p l o t s t u d i e s (Sutton and Vitek, Phil. Trans. Roy. Soc., t o be published).
